Solution-processable two-dimensional (2D) materials offer the possibility of manufacturing heterostructures with various properties, creating a way to tune materials towards a specific application. Two different 2D materials, titanium carbide MXene (Ti 3 C 2 T x ) and reduced graphene oxide (rGO), have shown promising results for supercapacitor applications due to their flake-like morphology, high conductivity; and ability to intercalate molecules or ions for charge storage. Here, we demonstrate the self-assembly of a heterostructure between negatively charged Ti 3 C 2 T x and positively charged modified rGO after shear mixing. Changes in zeta (z) potential, X-ray diffraction (XRD) patterns; and Raman spectra confirm the assembly of this heterostructure. The produced rGO : Ti 3 C 2 T x heterostructures were used as electrodes for supercapacitors. The addition of rGO to Ti 3 C 2 T x allowed some widening of the voltage window. Moreover, due to the synergistic effect of these materials, an increase of the capacitance value was observed. An electrode film composed of rGO (1 wt.%) and Ti 3 C 2 T x (99 wt.%) achieved capacitance values up to 254 F · g À1 at 2 mV · s À1 and 193 F · g
Introduction
Current energy storage devices are based on the capture and release of metal ions and electric charges, i. e. batteries and supercapacitors. [1] These can be found in several configurations, dimensions, and can contain many types of materials, but the current technology relies on particulate-like nanomaterials, which may lose their mechanical integrity upon bending. [2] In contrast, two-dimensional (2D) materials are inherently flexible and have a high surface reactivity, high electrical conductivity, and large surface area, which are fundamental characteristics of energy storage devices. The exfoliation of graphite into single layers of graphene, in 2004, resulted in a new explosion of interest in 2D materials. [3] A large family of 2D transition metal carbides and nitrides, called MXenes, are gaining interest in a variety of applications due to their promising properties. [4, 5] MXenes have a general formula of M nþ1 X n T x , where M is an early transition metal (e. g., Ti, Nb, V, Mo), X can be carbon or nitrogen, n is equal to 1, 2 or 3 and T x represents surface functional terminations such as ÀOH, ÀO, or ÀF. The 2D structures are made of sheets of transition metals that are interleaved with sheets of carbon or nitrogen in a [MX] n M arrangement. [5] Stacking two-dimensional materials, such as graphene and MXene, can be made into layered heterostructures. [6] [7] [8] This architecture leads to the possibility of creating and designing layered artificial structures with "on-demand" properties, making them of notable interest for a range of applications, including energy storage. [1, 9] A 3D heterostructure constructed from MXene and rGO could have the potential to stop aggregation and restacking of MXene or rGO nanosheets, which has been demonstrated to deteriorate the intrinsic electrochemical performance of the 2D materials. [10] Titanium carbide MXene (Ti 3 C 2 T x ) and reduced graphene oxide (rGO) are 2D materials which have shown promising results in supercapacitors devices. [5, [11] [12] [13] [14] [15] [16] So far, there are two reports on the assembly of stacked structures of titanium carbide/rGO heterostructures. [17, 18] However, designing a homogeneous and uniform heterostructure comprising these two materials is a challenge given that Ti 3 C 2 T x and rGO are both negatively charged. To achieve a self-assembled layered structure with two inherently negatively charged materials, surface functionalization can be used to alter the surface charges of the 2D sheets. Recently, we reported a strategy to prepare Ti 3 C 2 T x /rGO films by using electrostatic self-assembly between positively charged rGO with poly(diallyldimethylammonium chloride) (PDDA) and negatively charged Ti 3 C 2 T x MXene nanosheets. After electrostatic assembly, rGO nanosheets were inserted in between Ti 3 C 2 T x layers. [19] Here, we show that functionalizing rGO with amine groups can effectively change the surface charge on rGO from negative to positive. Thus, when the positively charged rGO nanosheets 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 are mixed with negatively charged Ti 3 C 2 T x , a self-assembly takes place, resulting in a 3D heterostructure comprised of Ti 3 C 2 T x and rGO. By fabricating this heterostructure, we achieved an increase in the potential window of Ti 3 C 2 T x up to 0.7 V while simultaneously increasing the capacitance values, suggesting that Ti 3 C 2 T x /rGO heterostructures can be beneficial for supercapacitor electrodes and other applications.
Results and Discussion
The scheme shown in Figure 1 illustrates the synthesis method of the flexible rGO : Ti 3 C 2 T x heterostructured films. Reduced graphene oxide and Ti 3 C 2 T x MXene are both inherently negatively charged on their surface. [20, 21] To achieve a selfassembled heterostructure, reduced graphene oxide was functionalized with amine groups and then mixed with Ti 3 C 2 T x MXene. When the solutions were mixed, the positively charged NH 2 -rGO interacted with the negatively charged Ti 3 C 2 T x . It has been proven that shear mixing provides good dispersion and can help during intercalation processes depending on the surface modification of the initial materials. [22] By measurement of the isoelectric point (IEP), information about the surface charge as a function of a solution pH can be obtained. [23] At a given IEP, the zeta (z) -potential reaches a 0 mV value. The pH value where the z-potential crosses the IEP can be used to compare one material's surface (i. e., surface functional groups) to another material. Figure 2 shows the zpotential scaling with pH for solutions of Ti 3 C 2 T x , NH 2 -rGO, and various rGO : Ti 3 C 2 T x mixtures. Comparing non-mixed solutions, the IEP of Ti 3 C 2 T x appears at a pH value of 2.45 whereas NH 2 -rGO has an IEP at a pH value of 8.85, displaying the differences in the negatively charged surface of Ti 3 C 2 T x compared to the positively charged surface of NH 2 -rGO. In the rGO : Ti 3 C 2 T x mixtures, the z-potential became more positive at each respective pH value and the isoelectric point shifted to higher pH with increasing content of rGO.
The morphology of the films obtained by vacuum-assisted filtration were characterized by SEM. While the filtration of NH 2 -rGO only lead to clusters of the material and no film was obtained, filtration of the MXene containing solutions led to freestanding films. A representative cross-sectional image (Figure 3) shows that all the films had layered structures similar to the morphologies exhibited by Ti 3 C 2 T x [21] and rGO [20] films. The EDX spectroscopy (Table S1 ) performed on the heterostructures confirmed that the titanium percentage decreased with increasing NH 2 -rGO content. Figure 4a shows the Raman spectra of the d-Ti 3 C 2 T x , NH 2 -rGO, and different rGO : Ti 3 C 2 T x hybrid films. The rGO : Ti 3 C 2 T x hybrids presented characteristics typical of both d-Ti 3 C 2 T x , and rGO. The four broad Raman peaks centered around 199.5, 369, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 628.5 and 716.3 cm À 1 are attributed to the vibrations from nonstoichiometric titanium carbide. [24] Namely, the first two (199.5
and 369 cm À1 ) are from A 1g and E g symmetry TiÀC and O vibrations, respectively. [25] The latter two (628.5 and 716.3 cm À1 ) are ascribed to the C atoms E g and A 1g symmetry vibrations of mostly ÀO and ÀOH terminated groups. [25] The shift generated in the Raman peaks in comparison with pure d-Ti 3 C 2 T x , especially, of the 716.3 cm À1 band, can be ascribed to the change of the functional groups. [25] At higher wavenumbers, the D and G bands, typical of graphene, can be observed. The G peak (1595 cm À1 ) corresponds to the high-frequency E 2g
phonon at the G-point. The D peak (1331 cm À1 ) is due to the breathing modes of six-atom rings and requires a defect for its activation. [26] Raman results show that rGO and Ti 3 C 2 T x kept their structure, even when constructed as heterostructures.
To study the change in the interlayer distances caused by the inclusion of rGO inside the Ti 3 C 2 T x layers, we studied the Xray diffraction (XRD) patterns of d-Ti 3 C 2 T x , NH 2 -rGO, and the different rGO : Ti 3 C 2 T x hybrid films (Figure 4b ). NH 2 -rGO has a stochastic (002) peak in the range from 18.9 to 29.38 (top pattern in Figure 4b ), corresponding to water-filled space between the layers, which fluctuated between 3 and 4.7 Å . However, d-Ti 3 C 2 T x showed a sharp, intense (002) peak and higher-order (00 l) peaks ascribed to the restacking of Ti 3 C 2 T x flakes. The (002) peak~7.1 corresponds to a c-lattice parameter of 25 Å and an interlayer distance of 12.5 Å .
In the heterostructured electrodes, the lack of the (002) diffraction peak of the NH 2 -rGO indicated the absence of periodicity, suggesting that NH 2 -rGO nanosheets did not restack during the assembly.
[22] Figure 4c shows that for all the compositions, the (002) peak corresponding to the restacking of the MXene flakes was shifted to 6.5, corresponding to an increased interlayer distance of 13.6 Å , possibly due to the presence of graphene sheets between the Ti 3 C 2 T x layers, which agrees with our previous study. [19] In that study, we showed the alternating single layers of Ti 3 C 2 T x and rGO in cross-sectional transmission electron microscopy images.
The layer ratio of Ti 3 C 2 T x and rGO was calculated by considering their theoretical specific surface area of single layer of 483.94 and 2630 m 2 · g À1 , respectively, [19] as presented in Table S2 . Our calculations revealed that in rGO : Ti 3 C 2 T x (20 : 80), there were more rGO flakes compared to Ti 3 C 2 T x flakes. When the proportion of rGO was decreased to 10 wt.%, there was approximately 1 layer of rGO for every 1-2 layers of Ti 3 C 2 T x . As the content of rGO was decreased further to rGO : Ti 3 C 2 T x (5 : 95), 3-4 layers of Ti 3 C 2 T x in between each layer of rGO was calculated. The rGO content was decreased until there was approximately 1 layer of rGO for every 18-19 layers of Ti 3 C 2 T x in rGO : Ti 3 C 2 T x (1 : 99).
MXenes have shown great potential as electrode materials in supercapacitors. [14, 21, 27, 28] Pristine, d-Ti 3 C 2 T x , has achieved capacitance values up to 238 F · g À1 in 1 M H 2 SO 4. [28, 29] We measured the performance of the various rGO : Ti 3 C 2 T x heterostructure films in a three-electrode configuration in 1 M H 2 SO 4 as shown in Figure 5 . The cyclic voltammetry testing (Figure 5a ) showed a typical capacitive behavior within a potential window up to 0.9 V, which was larger than that of the d-Ti 3 C 2 T x alone (restricted to 0.55 V). The increase in the voltage window of rGO : Ti 3 C 2 T x films can be explained by the inclusion of rGO into 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 the Ti 3 C 2 T x layers, allowing for an increase in interlayer spacing, improving ion diffusion and therefore enhancing the electrochemical properties of MXene electrodes.
The improvement in the capacitance with scan rate (Figure 5b) shows that up to 5 wt.% rGO in the heterostructure (1 layer of rGO for every 3-4 layers of Ti 3 C 2 T x ) proved to be beneficial as the heterostructures achieved capacitance values up to 256 and 254 F · g À1 at 2 mV · s À1 for 1 and 5 wt.% of rGO, respectively. When the percentage of rGO was increased to values above 5 wt.%, the capacitance decreased below the values exhibited by pristine d-Ti 3 C 2 T x . At high scan rates, rGO : Ti 3 C 2 T x (1 : 99) showed the best capacitance retention achieving 193 F · g -1 at 100 mV · s À1 . These values of capacitance and capacitance retention could be related to the conductivity of the films shown in Table 1 . As the percentage of rGO increased in the films, the electrical conductivity decreased in comparison with pristine d-Ti 3 C 2 T x . [19] Even though it was not possible to obtain a high-quality NH 2 -rGO film, we expect that the conductivity of this material should be higher than that of the rGO modified with PDDA. In NH 2 -rGO, nitrogen acts as electron donor significantly increasing the charge carrier density in the basal plane, [30] and the sp 2 conjugated basal plane of graphene sheet is restored and the conductivity is enhanced as a result of removing oxygen-containing functional groups. [31] The effect of film conductivity could also be observed during impedance measurements of different film electrodes in 1 M H 2 SO 4 ( Figure 6 ). At low frequency, all the films behaved like typical capacitors and the imaginary part of the impedance exhibited a vertical line. However, in the middle frequency range, the effect of the conductivity on the migration rate of the ions into the electrode became more significant and a semicircle appeared. [32] The diameter of the semicircles of the films increased with the percentage of rGO in the heterostructure, indicating that rGO enhanced the polarization resistance of the electrodes.
The rGO : Ti 3 C 2 T x heterostructures were used as electrodes for electrochemical capacitors due to the high electronic conductivity of both materials and an optimal rGO to Ti 3 C 2 T x ratio for energy storage applications was determined. The best performance was achieved in the rGO : Ti 3 C 2 T x (1 : 99) film, in which there was approximately 1 layer of rGO for every 18-19 layers of Ti 3 C 2 T x . We suggest this was due to the increasing content of rGO flakes relative to the Ti 3 C 2 T x flakes and a decrease in the conductivity of the hybrid film compared to pure d-Ti 3 C 2 T x . Importantly, the capacitance of the rGO : Ti 3 C 2 T x (1 : 99) and (5 : 95) films increased compared to that of the pure d-Ti 3 C 2 T x , suggesting the beneficial effect from the heterostructure, in agreement with the previously published data. [19] The possibility of combining MXenes with other 2D materials may expand the applications range of these materials. Particularly, this kind of heterostructures may have superior performance in energy storage devices. [9] 
Conclusions
This study demonstrates that heterostructures of rGO and dTi 3 C 2 T x can be formed by self-assembly, after modifying the functional groups of rGO to make the surface positively charged. We showed that addition of just 1 wt.% of rGO to Ti 3 C 2 T x led to an increase in capacitance at low and high scan rates. This work represents a step towards application of rGO and MXene heterostructures in supercapacitors.
Experimental Section Synthesis of 2D Titanium Carbide MXene
The complete synthesis method for titanium carbide MXene is described elsewhere. [33] Briefly, to synthesize Ti 3 C 2 T x , 20 mL of 9 M hydrochloric acid (HCl, Fisher Scientific) were added to 7.5 molar equivalents (2 g) of lithium fluoride (LiF, Alfa Aesar). The mixture was stirred until the salt was dissolved. Then, 2 g of the ternary titanium aluminum carbide powder (Ti 3 AlC 2 , < 38 mm particle size) were slowly added to the solution. The reaction mixture was held at 35 8C for 24 h while stirring at 200 rpm. After 24 h, the mixture was washed with deionized water and separated by centrifugation at 3500 rpm for two minutes, after which the supernatant was collected. The washing process was repeated until the pH of the supernatant became neutral (pH 6-7). To increase the surface area and delaminate the multilayered powders into single-layer flakes, the Ti 3 C 2 T x solution was exposed to bath sonication for 1 h under argon flow. Afterwards, the sonicated solution was centrifuged for another hour at 3500 rpm to separate the single flakes from multilayered flakes. Finally, the supernatant containing single-to few-layer of Ti 3 C 2 T x (delaminated Ti 3 C 2 T x , d-Ti 3 C 2 T x ) was collected. This supernatant was used in the preparation of rGO : Ti 3 C 2 T x . To prepare a flexible, free-standing d-Ti 3 C 2 T x film, the solution was filtered using a polypropylene membrane (3501 Coated PP, Celgard LLC) and dried under vacuum at 120 8C.
Synthesis of NH 2 -rGO
The graphite oxide was prepared following the Marcano-Tour method. [34] The graphite oxide was then sonicated in deionized water for 1 h and the exfoliated graphene oxide (GO) was collected. 210 mg of GO was sonicated in deionized water and 4.5 mL of ethylene-diamine was added to the solution at 600 rpm stirring rate. The reaction continued for 24 h under reflux (80 8C). Finally, aminated reduced graphene oxide (NH 2 -rGO) was isolated by centrifugation. The NH 2 -rGO was filtered and washed with 500 mL of deionized water. The resulting material was dried in vacuum at 120 8C.
Synthesis of 2D rGO : Ti 3 C 2 T x The NH 2 -rGO was sonicated in water to achieve a concentration of 1 mgmL À1 . The solutions of NH 2 -rGO and d-Ti 3 C 2 T x (~17 mg mL À1 ) were mixed in the desired proportion to achieve 100 mg of rGO : Ti 3 C 2 T x (rGO : Ti 3 C 2 T x mass proportions: 50 : 50, 20 : 80, 10 : 90, 5 : 95, 1 : 99) and shear mixed at 20000 rpm for 10 minutes. To prepare a flexible, freestanding film, the solution was filtered using a polypropylene membrane (3501 Coated PP, Celgard LLC) and dried under vacuum at 120 8C. Vacuum-filtration was conducted with 2 mL of solution and the rest of the solution was kept stirring to avoid re-agglomeration of the particles.
Characterization Methods
To understand the self-assembly process and to quantify the surface charge, zeta (z) potential measurements were taken across a pH scale of 2-11. The isoelectric point (IEP) was calculated as the point at which the charge reached a zeta potential of zero mV. zpotential was measured on a Malvern Zetasizer Nano ZS (Malvern Instruments, USA) and the pH was changed in situ by titrating known concentrations of acid (0.01 N hydrochloric acid) or base (0.01 N sodium hydroxide) into the solution (MPT-2 Autotitrator).
Characterization of the Ti 3 C 2 T x , rGO : Ti 3 C 2 T x , and NH 2 -rGO film morphologies was carried out using scanning electron microscopy (SEM, Zeiss Supra 50VP, Germany) and composition was determined using energy dispersive x-ray spectroscopy (EDX, Oxford).
Raman spectra were recorded on a Renishaw inVia spectrometer. A 632 nm laser at < 1 mW power was focused onto the sample surface through a 60x objective, and the back-scattered light was directed via a 1200 lines/mm diffraction grating to the detector. The interlayer distance of the Ti 3 C 2 T x , rGO : Ti 3 C 2 T x , and NH 2 -rGO films was calculated using x-ray diffraction (XRD). XRD was carried out on a Rigaku Smart Lab (Japan) diffractometer using CuK a radiation (40 kV and 44 mA), a step scan of 0.02 8, 2q range of 5-508, and a step time of 0.5 s. Electrical conductivity measurements on a rectangular area of Ti 3 C 2 T x and rGO : Ti 3 C 2 T x films were obtained by using a digital four-point-probe system (Jandel, England). To obtain reliable electrical conductivity data, five different sites of each film were measured and averaged using the four-point-probe system.
Electrochemical Testing
To quantify the amount of charge stored by the as-prepared materials, all tested films were cut to the same area and weight before being assembled in Swagelok-type cells. The materials were tested in a 3-electrode configuration to evaluate their capacitance and electrochemical stability window. The cells were electrochemically studied by using a 1 M sulfuric acid (H 2 SO 4 , Sigma Aldrich) electrolyte with a silver/silver chloride (Ag/AgCl) as the reference 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 electrode. Overcapacitive activated carbon (YP-50, Kuraray) was used as the counter electrode. Cyclic voltammetry (CV) measurements at different scan rates ranging from 2 to 100 mV · s À1 were performed at ambient conditions in a multichannel potentiostat/ galvanostat (BioLogic VMP3, France).
